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abstract
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In many respects, the ecology of members of the Botryosphaeriaceae compare to general

Botryosphaeria

patterns observed for the collective of endophytes of woody plants. These include high

Botryosphaeriaceae

levels of diversity, horizontal transmission a spatial structure and a continuum of levels

Emerging tree diseases

of host affinity from specific to very broad. Some members of the Botryosphaeriaceae

Endophyte

are, however, among the most aggressive pathogens in the assemblages of common endo-

Latent pathogen

phytic fungi, often killing large parts of their host, following physical damage or general

Quarantine

stress on the host (and over large areas). Their wide occurrence, the latent phase which

Tree health

can be overlooked by quarantine, and their ability to rapidly cause disease when their hosts
are under stress, make these fungi a significant threat to agricultural, plantation and native
forest ecosystems alike. This is especially relevant under emerging conditions of dramatic
climate change that increases stress on plant communities. It is, therefore, important to
maximize our understanding of the ecology and pathology of the Botryosphaeriaceae, particularly as it relates to their endophytic nature, species richness, host switching ability
and the host-fungus-environment interaction.
ª 2007 The British Mycological Society. Published by Elsevier Ltd. All rights reserved.

1.

Introduction

Members of the fungal family Botryosphaeriaceae (Botryosphaeriales, Ascomycetes), were first described in the 1820’s
as species of Sphaeria (Fries) (for reviews see Crous et al.
2006; Schoch et al. 2006). The genus Botryosphaeria was only
established in 1863. At the time, these Ascomycetes with their
sphaerical ascomata and bi-tinucate asci were noticed as saprophytes fruiting on dead tissue of woody plants. Later studies
have focused on Botryosphaeria and its anamorph genera as
pathogens, especially in agricultural, nursery and plantation
forestry situations (Bega et al. 1978; Brown & Britton 1986;
Michailides 1991; Swart & Wingfield 1991; von Arx 1987).

Currently, more than 2000 names are linked to this family, including teleomorph and anamorph states of which Diplodia,
Botryosphaeria, Fusicoccum, Dothiorella, Lasiodiplodia and Sphaeropsis contain the most species.
Studies on various biological aspects of the Botryosphaeriaceae, including their endophytic nature, have suffered
from the taxonomic complexities and confusions that have
plagued the group. Recent advances in DNA- based molecular
techniques have begun to provide efficient tools to characterize the presence and identity of species of the Botryosphaeriaceae. Studies applying these tools are revealing significantly
greater diversity on some hosts than was previously realized.
Recently, the group has also been separated into numerous
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distinct genera (which were all previously linked under the
teleomorph genus Botryosphaeria) (Crous et al. 2006). This has
necessitated the difficult and confusing process of numerous
name changes, yet it has provided a more natural classification for this group. This should allow for a more stable and accurate taxonomic framework in future and this will strongly
influence our understanding of the ecology of the
Botryosphaeriaceae.
Although it has been known for some time that Botryosphaeriaceae can infect through natural openings of healthy
plants, it was only in the late 1980’s that they were recognized
as endophytes. The important forest pathogen Diplodia pinea
(as Sphaeropsis sapinea) was isolated from the stems and xylem
of Pinus (Petrini & Fisher 1988). Soon afterwards a number of Fusicoccum, Neofusicoccum, Pseudofusicoccum (all known at the time as
Dothiorella spp). and Lasiodiplodia theobromae were isolated from
healthy mango plant parts (Johnson et al. 1992). Since then
a number of other species have been isolated as endophytes.
Based on the wide taxonomic distribution and high frequency
of endophytic infection on various hosts for those species examined to date for endophytism, it is now thought that most, if not
all Botrysphaeriaceae, might have an endophytic phase.
Diseases caused by Botryosphaeriaceae mostly follow the onset of stress due to factors other than the Botryosphaeriaceae infection itself (Blodgett & Stanosz 1995; Schoeneweiss 1981; Swart
& Wingfield 1991). These disease symptoms can, however, developed rapidly and cause extensive losses over large areas, if the
agent of stress is widespread. Climate change models predict extreme weather conditions, such as unpredictable rainfall, lower
or higher rainfall in different areas, extreme heat or cold, and
more (Coakley et al. 1999). These factors, together with additional
biological pressure from pathogens and pests expanding their
geographic ranges, are all elements that would favor the development of Botryosphaeriaceae-related diseases (Desprez-Loustau
et al. 2006). It is thus critical to better understand the ecological
role, pathogenicity, diversity, host-pathogen-environment interaction and human mediated movement to define and address
the threat that they might pose under such conditions.
The Botryosphaeriaceae represent a diverse and often prominent component of many endophytic communities. Yet, despite this fact, and the long standing recognition of their
economic importance, their presence and ecological role in native plant communities is poorly studied. Factors influencing
pathogenicity are also not always clear, and consequently their
importance as quarantine fungi is poorly defined. Taxonomic
difficulties make addressing these questions, and interpreting
earlier work, particularly difficult. Here we review the taxonomic
status, tools for isolation and identification, ecology, pathogenicity and endophytic nature of the Botryosphaeriaceae, and
compare these to what is known about other fungal endophytes
of woody plants. We attempt to identify general patterns from
these data which will enable us to better understand the ecology
of these fungi, particularly in their endophytic manifestation,
and to define avenues for future research.

2.

Terminology

The use of the term ‘endophyte’ can be controversial when it
refers to the ecological role of the organism, particularly in
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describing mutualists vs. latent pathogens. Some Botryosphaeriaceae are clearly known as pathogens, and could thus
be described as latent pathogens. It would be a mistake, however, to refer to the group as latent pathogens. Even for many
of the well- studied pathogens, pathogenicity might vary
greatly in different environments and little is known about
their ecology in native ecosystems. For most of the species,
nothing is known regarding their ecology. This complicates
the use of specific terms referring to ecology. In this paper
we use the term ‘endophyte’ to refer to the Botryosphaeriaceae in a general sense and as it relates to their presence
within healthy plant tissue, rather than on the surface, without necessarily implying any specific ecological role (see also
Saikkonen et al. 1998; Stone & Petrini 1997).

3.
Diversity, taxonomy and identification
in the Botryosphaeriaceae
The Botryosphaeriaceae (the sole family in the Botryosphaeriales (Schoch et al. 2006); Figs 1–17) represent a diverse family
including more than 2000 taxa (Index fungorum; http://
www.indexfungorum.org). The taxonomy of genera and species in the Botryosphaeriaceae has, however, been confused
for a long time. This frustrates the interpretation of older literature on the endophytic nature, pathogenicity and host association of Botryosphaeriaceae. In recent years, mostly due to
the availability of DNA- based molecular tools, a more robust
taxonomy has emerged for this group. Here we explore the
history and current understanding of the taxonomy of the
Botryosphaeriaceae. We also consider tools used for identification and that provide a framework in order to interpret
past research, and to undertake future work regarding the
ecology of these fungi.

Taxonomy
In an important and widely used revision of the genus Botryosphaeria, von Arx and Müller (1954) reduced a large number of
species to synonymy, particularly using the names B. quercuum and B. dothidea. As a result, many distinct species have
been treated under the name B. dothidea, while some of its synonyms (e.g. B. ribis and B. berengeriana) have been used inconsistently in the literature. This problem endured for many
years and it has raised substantial confusion, as well as misinterpretation of the literature. Slippers et al. (2004a) epitypified
B. dothidea and characterized the taxa formerly treated under
this name, including N. ribis (¼ B. ribis) and N. parvum (¼ B. parvum). However, the confusion of names used under these and
other Botryosphaeria binomials in past studies remains difficult
to interpret, and particularly affects the older literature related to the endophytic nature of these fungi. This literature
must be interpreted with caution when analyzing patterns
of diversity, distribution and host association.
More than 20 anamorphs have been linked to Botryosphaeria, the most common of which include Botryodiplodia, Diplodia,
Dothiorella, Fusicoccum, Lasiodiplodia, Macrophoma and Sphaeropsis (Denman et al. 2000) (Figs 1, 3, 4, 7–17). In recent years there
have, however, been a number of suggestions to synonymize
some of these taxa. Denman et al. (2000) concluded that
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Fusicoccum and Diplodia were the only two genera that can be
validated. These taxa were delineated as having typically hyaline, narrower conidia (normally <10 mm) with thinner walls
(<0.5 mm) (Fusicoccum), or conidia that are wider (normally
more than 10 mm) with thicker walls (0.5-2 mm) and are often
pigmented when they age (Diplodia) (see also Zhou & Stanosz
2001; Alves et al. 2004) (Figs 7–17). More recently, Dothiorella
was re-erected to accommodate the anamorphs of a group
of Botryosphaeriaceae with pigmented conidia (much like Diplodia), which already discolored in the pycnidium, and that
have teleomorphs with pigmented ascopores ( ¼ Dothidotthia)
(Phillips et al. 2005) (Figs 13–17). Despite their morphological
similarity to Diplodia, Dothiorella spp. are more closely related
to Fusicoccum-like species. Barber et al. (2005) also showed
that a number of the Fusicoccum-like species form a Dichomera
synanamorph (Figs 7–12). These multi-, sometimes muriform-,
septate spores are sufficiently distinct from traditional views
of Botryosphaeriaceae anamorphs that they could easily be
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overlooked in targeted endophyte surveys that rely on
morphology.
Many previous studies addressing the taxonomy and phylogeny of the Botryosphaeriaceae have suffered from an under
sampling of main clades. This is either because the relationship of some groups to the Botryosphaeriaceae was not clear
based on morphology, or because cultures were not available
for molecular studies. A recent study included strains from
most of the taxa linked to the Botryosphaeriaceae that are
available in culture (Crous et al. 2006). This study revealed
that there are at least ten lineages within the Botryosphaeriaceae (correlating well to previous anamorph lineages), most of
which were subsequently described as distinct genera. A single generic name was provided for some of the new genera,
accommodating the holomorph concept. Regarding lineages
previously studied as endophytes, the name Botryosphaeria
(anamorph Fusicoccum) does not refer to the whole group any
longer, but is restricted to B. dothidea and closely related

Figs. 1–5 – Dissecting microscope and phase contrast compound-microscope micrographs of ascostroma and pycnidia of
some Botryosphaeriaceae. 1. Singular, semi-erumpent pycnidia of a Neofusicoccum sp. forming on Eucalyptus tissue in Water
Agar (WA) culture. 2. Botryose, erumpent ascomata of Botryosphaeria dothidea with a central ostiole. 3. Mature pycnidia of
a Neofusicoccum sp. oozing conidia from an ostiole at the end of an extensive conical neck. 4. Singular, superficial pycnidia of
N. parvum covered with grey mycelium, which was formed on pine needles in WA culture. 5. Median, longitudinal section
through a mature ascoma of B. dothidea. Bar [ 100 mm.
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Figs. 6–17 – Light micrographs of typical sexual and asexual spores and fruiting structures of Botryosphaeriaceae.
6 Bi-tunicate asci of the Botryosphaeria-like teleomorph of Neofusicoccum eucalypticola. 7–9. The Fusicoccum aesculi asexual
spores of B. dothidea (teleomorph). Immature conidia and conidiophores (7), narrow, fusiform and long mature conidia (8)
and spermatiophores and spermatia (9). 10. Fusiform conidia of Neofusicoccum parvum that sometimes becomes two-septate
and with a darker middle cell. 11. Dichomera-like synanamorph conidia of Neofusicoccum and Fusicoccum. 12. Bacilliform
conidia of a Pseudofusicoccum sp. with a persistent gelatinous layer. 13–14. Immature conidia and conidiogenous cells (13)
and mature conidia (14) of Diplodia mutila. 15. Immature hyaline and mature conidia that are pigmented and septate of
a Diplodia seriata. (teleomorph ‘B. obtusa’). 16. Dark, septate and aseptate conidia of a Dothiorella sp. that often discolor while
still in the pycnidium. 17. Dark, septate and striated spores of a Lasiodiplodia sp. Bars [ 10 mm.
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species. Neofusicoccum and Pseudofusicoccum were described to
accommodate other Botryosphaeriaceae with Fusicoccum-like
conidia. Botryosphaeriaceae with Diplodia-like anamorphs
(including Sphaeropsis), remain accommodated in the genus
Diplodia, but the teleomorph name, Botryosphaeria, is no longer
available for them. Isolates of Lasiodiplodia grouped within the
larger Diplodia clade in this analysis, but was not synonymized
with it. More work appears necessary before this decision can
be made. Most of the other lineages treated by Crous et al.
(2006) have not been studied as endophytes.

Concepts and tools for species identification
Like in most other fungi, the morphological species concept
has predominately been used to identify and describe new
species of Botryosphaeriaceae. While still useful in some situations, this species concept tends to underestimate the true
diversity (Taylor et al. 2000). This is especially true for the morphological concepts of B. quercuum and B. dothidea sensu von
Arx and Müller (1954). An ecological species concept, focussed
on host specialization, has been widely used to identify new
taxa in Botryosphaeria. Host specialization is, however, not always practical, because some Botryosphaeriaceae have very
wide host ranges (discussed below).
For the description of the genus Botryosphaeria and until the
1950’s, the general morphology of the ascospores (hyaline,
aseptate, shape, etc.) and stromatal and ascomatal morphology was considered taxonomically and phylogenetically informative (Figs 2, 5, 6). These characters were later shown to be
inordinately variable within species and of little value for distinction between species. Since the 1960’s the value of using
morphological characters of the anamorphs to delimit and
identify Botryosphaeria spp. has been realized and widely applied (reviewed in Denman et al. 2000). These forms are
more frequently found in nature than teleomorphs and they
are easily induced in culture (mostly on Water Agar (WA), or
WA supplemented with sterilized pine needles or twigs of
the host species) (Fig 1, 4). Conidia are also much more diverse
in shape and size than the associated ascospores. Conidial
characters that can be used include wall thickness, ornamentation, maturation, color, septation, shape and size (length,
width, l/w and l  w) (Figs 7–17).
During the 1980’s characteristics of the fungi growing in
pure culture, have been commonly used to augment other
characters (Gure et al. 2005; Pennycook & Samuels 1985; Slippers et al. 2004b). In general, cultures of Botryosphaeriaceae
are easily distinguished from most other fungi by their grey
to black, aerial mycelium and the grey to indigo-grey or -black
pigment that is visible from the reverse side of Petri dishes. The
appearance and color of the aerial mycelium and pigments
have also aided in the delimitation and rapid identification of
Botryosphaeriaceae taxa that are otherwise morphologically
similar. This character is often useful for initial grouping of
related isolates from a broad sampling.
In recent years, various DNA based molecular data, in particular DNA sequence data, have been used increasingly to
distinguish taxa in the Botryosphaeriaceae. Differences in
DNA sequences have also been successfully combined with
morphological characteristics to identify and describe
Botryosphaeriaceae taxa (for example Denman et al. 2003;
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Phillips et al. 2005; Smith et al. 2001). In some cases this approach has revealed surprising diversity. For example, B. dothidea, which was the first reported endophyte of the group
occurring in Eucalyptus, is now known to be rare on this
host. On Eucalyptus, this name could refer to any one of ten
species (Burgess et al. 2005; Mohali et al. 2007; Slippers et al.
2004c).
Most taxonomic studies on Botryosphaeriaceae using DNA
sequence differences have used ITS rDNA phylogenies, but
this single gene can underestimate the true species diversity
among closely related or cryptic species. In this regard, multiple
gene sequence concordance phylogenies have been successfully applied to identify cryptic species if the Botryosphaeriaceae, previously overlooked or of uncertain identity (Burgess
et al. 2005; de Wet et al. 2003; Phillips et al. 2005; Slippers et al.
2004a,b,c). Most commonly data from Translation Elongation Factor 1- alpha (EF1-a) have been combined with ITS
sequences.
Simple Sequence Repeat (SSR) markers can be used very
powerfully to indicate species boundaries for cryptic species
in the Botryosphaeriaceae. This can be seen in cotemporary
studies of the important pine pathogen Diplodia pinea which
has been studied extensively for many years. RAPD markers,
combined with morphology and epidemiology, have characterized four ‘morphotypes’ known as the A, B, C and I morphotypes of this taxon (de Wet et al. 2000; Hausner et al. 1999;
Palmer et al. 1987; Smith & Stanosz 1995). There is, however,
variation in the characters used to distinguish these morphotypes and single gene phylogenies do not separate all morphotypes either. Microsatellite markers have revealed that there
is no genetic exchange between the B morphotype and the A
and C morphotypes, and that the ‘I’ morphotype represents
B. obtusa (Burgess et al. 2001b). Subsequently, comparison of
sequence data for some of these markers, as well as for
some genic coding regions, has confirmed that the B morphotype is a distinct species, D. scrobiculata (de Wet et al. 2003).
Similar tools have also been applied to N. parvum and N. ribis
population and species distinctions (Slippers 2003).
After the identification of a species using the methods described above, there is usually a need for a rapid and effective
tool to identify the species. This is especially true where a specific host (especially cultivated and introduced hosts) is
infected by a complex of Botryosphaeriaceae species (Jacobs
2002; Mohali et al. 2007; Slippers et al. 2004c, 2007). In this
regard species-specific primers and PCR RFLP profiles have
proven useful and effective identification tools.
Species-specific primers have been applied to identify subspecies or species groups in Botryosphaeria (see below under
‘Isolation and detection in vivo’). This tool has also been
applied widely for the identification of other fungi, and could
become a powerful aid used to study infection levels and
patterns of Botryosphaeriaceae species and communities.
Various factors, however, hamper the development of species-specific primers for some Botryosphaeriaceae. The ITS
rDNA region has been shown to be insufficient to distinguish
closely related species (de Wet et al. 2003; Slippers et al.
2004a). Even where ITS sequences are sufficient to distinguish
closely related species, such as N. eucalyptorum and N. eucalypticola, and N. luteum and N. australe, the polymorphisms are
spread across the fragment (Slippers et al. 2004a,c). Primers
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will, therefore, differ only by one base pair, which might not
be sufficient or robust under all conditions. Species-specific
primers between these closely related species will need to be
developed for other regions of the genome. For example, the
EF1-a region is consistently more variable than the ITS rDNA
region. Unfortunately, polymorphic sequences between the
some closely related species, e.g. N. ribis and N. parvum, and
D. pinea and D. scrobiculata, are not close enough in any part
of the regions sequenced thus far, to allow the development
of robust primers.
Like species-specific primers, PCR Restriction Fragment
Length Polymorphism (RFLP) fingerprints can provide effective tools to rapidly and reliably identify larger numbers of isolates that would be impractical to identify otherwise. RFLP
profiles of the ITS rDNA region (Jacobs 2002; Mohali et al.
2007; Slippers et al. 2004c, 2007), a larger portion of the rDNA
region (Alves et al. 2005) or some unidentified SSR containing
regions (Slippers 2003) has been used to distinguish among
distant and closely related species of the Botryosphaeriaceae.
This technique overcomes the need for a continuous group of
polymorphic bases, because restriction enzymes (RE) recognize single nucleotide polymorphisms (SNP). Unfortunately
no single gene region is sufficient to distinguish all species,
because not all SNP’s represent restriction sites, especially
between some closely related species.

4.

Isolation and detection in vivo

In a typical sampling effort, branches and leaves are collected,
transported to the laboratory, stored at 4  C and then processed as soon as possible. In cases where endophytism is
not strictly implied, samples are left for a week or more, and
then processed. Presumably during this period, small infections might colonize more tissue, making the endophyte easier to isolate. A danger with longer incubation times is,
however, that epiphytic populations of fungi might penetrate
the tissue and give a skewed view of the real endophytic community. To overcome this problem, surface disinfestation
should precede incubation.
Typical isolation procedures for Botryosphaeriaceae have
followed widely used surface disinfestation by a succession
of washing steps in EtOH and household bleach (Fisher et al.
1993; Pavlic et al. 2004; Smith et al. 1996a). Branches and leaves
are often first washed in running tap water. Branches or twigs
can then be debarked and isolated directly from exposed tissue. Alternatively, and desirably, twig samples, as well as
leaves should be surface disinfestated. Typically this is done
by sequential washing in 70 % EtOH (for 30 s or more), household bleach (NaOCl; 3.5-5 % available chlorine) (between
1-5 min.), and >95 % EtOH (30 s or more), before finally rinsing
in sterile water (once or twice). To ensure that all epiphytes
are killed when the endophyte community is to be characterized, disinfected samples can be pressed on separate media
and a sample of the final sterile rinse water can be plated as
controls.
Most Botryosphaeriaceae grow relatively fast and compete
strongly for resources with other fungi on general media. Half
strength (2 %) Malt Extract Agar or commercial Patato Dextrose Agar have thus been commonly used to isolate them.
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These media are sometimes supplemented with antibiotics
(e.g. chloramphenicol) to suppress bacterial growth. On such
primary isolation plates, the Botryosphaeriaceae typically
have mycelium that is pigmented, a greenish brown or grayish
color and that become dark gray or grayish-blue to black with
time. Selective media have been developed to isolate D. pinea
and L. theobromae from Pinus (Blodgett et al. 2003; Cilliers
et al. 1994; Swart et al. 1987). These media could have wider application in isolating Botryosphaeriaceae from other hosts.
Increasingly effective PCR-based molecular and phylogenetic tools have been developed for in vivo detection of
DNA of specific species or representing communities of
organisms (as examples, see Higgins et al. 2007 and Martin &
Rygiewicz 2005 for fungi in general, and Moon et al. 1999 for
specific groups of grass endophytes). These tools represent
an exciting opportunity to characterize general endophytic
communities in woody plants, and in particular also the
Botryosphaeriaceae.
Species or group (closely related species) -specific primers
for standard PCR reactions have been developed for D. pinea,
D. scrobiculata, B. obtusa and a Botryosphaeria sp. (Flowers
et al. 2003; Ma & Michailides 2002; Smith & Stanosz 2006). Studies applying these techniques could detect levels of fungal
DNA as low as 0.93 pg in bud samples to 10-100 pg in bark
samples. There is now scope to develop these techniques for
these and other species to be used to quantify endophytic infections. For example, Luchi et al. (2005a) used species specific
primers in a real-time PCR approach to detect and quantify the
level of Botryosphaeriaceae in vivo, albeit after artificial infection and not natural endophytic infections.
One concern with direct detection tools is that the presence of epiphytic fungi can lead to false positive results (see
Santamaria & Bayman 2005). Tools are needed to overcome
this shortcoming, either by removing covering layers of plant
tissue (i.e. bark or epidermis) and thereby removing epiphytic
fungal propagules. Another approach would be to wash off or
disrupt epiphytic fungal propagules and their DNA (starting by
testing the efficiency of current isolation methods for this
purpose).
Important variables that have not always been recorded
during collections and isolations of Botryosphaeriaceae are
the age of the leaves, time of collection (to consider seasonal
or other temporal variations) and the size of the isolation
units. It has been shown that the level of endophyte infection
increases with the aging of the leaves (Arnold & Herre 2003;
Saikkonen 2007; Sieber 2007, personal observations on Eucalyptus). The size of leaf or twig pieces can also significantly affect the levels and diversity of species recovered (Arnold et al.
2001; Petrini et al. 1992; Smith 2001). Furthermore, collections
during different seasons have been shown to influence endophyte communities (see Saikkonen et al. 1998; Saikkonen 2007
for reviews). It is also clear from numerous studies that there
is geographical or spatial structure in endophyte communities
(Arnold et al. 2001, 2003; Carroll & Carroll 1978; Fisher et al.
1993; Higgins et al. 2007; Saikkonen et al. 1998; Saikkonen
2007, and discussed elsewhere in the paper for Botryosphaeriaceae). It is important to consider the above mentioned variables when collecting Botryosphaeriaceae endophytes,
especially if direct comparisons of fungal species or communities are to be made between sites, hosts or time points.
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5.
Occurrence and diversity of endophytic
Botryosphaeriaceae in woody plants
The majority of the genera in the Botryosphaeriaceae (Crous
et al. 2006), include members that have been described as endophytes. These include Guignardia, Botryosphaeria (anamorph
Fusicoccum), Dothidotthia (anamorph Dothiorella), Neofusicoccum,
Pseudofusicoccum, Lasiodiplodia and Diplodia. Some of these endophytes are very common, dominating endophyte communities in Eucalyptus and Pinus in some environments (Burgess et al.
2006; Smith et al. 1996a,b). A specific host can also be infected by
a diverse community of endophytes, as has emerged in a recent
South African study where eight species were isolated as endophytes of Syzygium cordatum, often co-occurring on the same
plant (Pavlic et al. 2007). From this information, and personal
observations that Botryosphaeriaceae are present in most
woody plants with which we have worked, it appears that
endophytism is common to most species of the family.
The Botryosphaeriaceae have been described from virtually all woody hosts examined, including many gymnosperms
and angiosperms (but not all these were as endophytes). In
reviewing the literature of recently (since the early 1990’s
when their endophytic nature became better established) described Botryosphaeriaceae, it is clear that these fungi are still
predominantly described for their roles as pathogens. This is
where they become most obvious, and for economic reasons,
where most workers focus their efforts. It is, however, disappointing to see that in many of these situations, little effort
is made to isolate these fungi from asymptomatic tissue,
despite the critical role that such infections would play in
the epidemiology of the diseases.
In agricultural and forestry plant communities that have
been examined, woody plants have often displayed high levels
of endophytic Botryosphaeriaceae colonization (Smith et al.
1996a,b; Burgess et al. 2006). In the few situations examined, infection levels of native plant communities have reflected lower
levels of endophytic Botryosphaeriaceae infection. For example,
B. dothidea (possibly incorrectly identified; see Slippers et al.
2004a) was uncommon in native Eucalyptus in Australia, but
common in non-native Eucalyptus in England and South Africa
(Fisher et al. 1993; Smith et al. 1996a,b). Neofusicccum australe
was isolated from 79 % of twigs of E. globulus plantation trees
in western Australia (planted outside their native range), but in
native ranges in eastern Australia and Tasmania two other species, N. eucalyptorum and N. eucalypticola, predominated from
only 17 % of the isolations (Burgess et al. 2006). From these, and
other personal observations, it would appear that the Botryosphaeriaceae are particularly successful as opportunistic endophytic colonists. This is especially true in hosts in disturbed or
non-optimal environments, when plants are under stress, or
where the endophytic niche is left ‘open’ (i.e. when a host grows
in a non-native environment where its normal sweet of horizontally acquired endophytes are not present).

6.

Host association

Despite the fact that members of the Botryosphaeriaceae
commonly infect gymnosperms, they are most common and

diverse on angiosperms. Of the 2000 species (considering the
names contained in Botryosphaeria, Fusicoccum, Dothiorella, Diplodia and Lasiodiplodia in Index Fungorum; http://www.indexfungorum.org), fewer than 50 appear to have been described
from gymnosperms. A phylogenetic analysis of the available
sequence data in GenBank indicated that the most common
ancestor of the extent Botryosphaeriaceae most likely lived
on angiosperms (Juanita de Wet and co-workers, manuscript
in preparation). This might simply reflect angiosperm vs.
gymnosperm diversity if strict co-evolution is expected, but
many Botryosphaeriaceae are not strongly host specific and
their diversity would consequently be less affected by the
host diversity.
In terms of host association of the Botryosphaeriaceae, two
views have been prevalent in the past. Many taxonomists
have considered the ability to infect a specific suite of hosts
as delimiting species. Many teleomorph and anamorph species in this family have thus been described based on host. Examples include B. quercuum (from Quercus), B. ribis (from Ribes),
B. mali (from Malus), B. vitis (from Vitis), and many other
names. On the other hand, some authors have presumed
less host specialization. This view has contributed to a very
broad, ‘super-species’ concept for some Botryosphaeriaceae
such as B. ribis, B. obtusa, B. dothidea, B. quercuum (sensu von
Arx & Müller 1954) and other species.
Certain well-studied species have in recent years been confirmed to infect a wide range of hosts (‘host neutral’) using
molecular tools, e.g. B. dothidea, D. seriata (¼ ‘B.’ obtusa)
N. parvum (¼ B. parva), N. australe (¼ B. australis), L. theobromae
(Burgess et al. 2005, 2006; Pavlic et al. 2007; Slippers et al.
2004a,b, 2007). In contrast, some well characterized species
are clearly specialized on certain host genera or specific plant
families in a defined area, e.g. D. pinea and D. scrobiculata on
Pinus and occasionally other conifers, N. eucalyptorum and
N. eucalypticola on Eucalyptus, Saccharata protea and N. protearum on Proteaceae (Burgess et al. 2004a,b; Denman et al. 2003;
Slippers et al. 2004c; Smith et al. 2001; Swart et al. 2000). In these
examples, and in a number of ongoing unpublished studies
with which we are involved, closer examination of Botryosphaeriaceae from indigenous hosts in natural ecosystems
often reveal these distinct, and more specialized, species.
They have commonly been overlooked in the past, because of
morphological similarities or uncertainty regarding the phylogenetic value of small morphological differences, or because
native, non-commercial trees are under sampled. Many of
these species also occur sympatrically on the same hosts.
Host species specificity of endophytic Botryosphaeriaceae
is implied in the findings of Smith et al. (1996a), who showed
that D. pinea infects different Pinus species to different levels
in the same environment (P. radiata 90 %, P. patula 50 %,
P. taeda 10 % and P. elliottii 0 %), correlating to their known
resistance to D. pinea die-back (Swart & Wingfield 1991). Similarly, Botryosphaeriaceae infection levels vary in Eucalyptus
spp. in South Africa (E. smithii 93 %, E. camaldulensis 77 %,
E. grandis 63 % and E. nitens 57 %) (Smith et al. 1996a). Luchi
et al. (2005b) also showed species specific differences in recognition of P. nigra by D. pinea and D. scrobiculata (see below under ‘Infection and colonization’). This level of host specificity
has, however, not been dissected thoroughly in the Botryosphaeriaceae. This information can be potentially important to
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understand the risk posed by these fungi, and to devise
control strategies for them, as well as to understand the
mechanisms governing host specificity or neutrality.
When considering potential ‘host neutral’ species, or species with very wide hosts ranges, their host affinity seem
strongly influenced by the environment (some examples discussed elsewhere in the review; see also Saikkonen 2007 for
other endophytes). For example, N. australe is very rarely
found on Eucalyptus in eastern Australia (only found once
from numerous isolations (Burgess et al. 2006; Slippers et al.
2004c)), despite being common on native Acacia spp. and other
hosts in the area (Slippers et al. 2004b). In contrast, in western
Australia, it is the dominant species infecting Eucalyptus, as
well as 11 other native and non-native hosts (Burgess et al.
2006). In South Africa, this fungus does not occur commonly
on Eucalyptus, yet it is relatively common in the area on native
Syzygium and introduced Vitis, and to a lesser extent native
Widdringtonia and introduced fruit trees (Pavlic et al. 2007; Slippers et al. 2005c, 2007). These site-specific factors affecting
host affinity might include abiotic environmental factors,
Botryosphaeriaceae inoculum pressure originating from native or established exotic hosts, competition from different
endophyte communities, physiological or physical variation
in the host in different regions or some other factors yet to
be identified (see Saikkonen 2007 for a discussion of such
forces). Whatever these factors are, they clearly play a very
significant role in defining the Botryosphaeriaceae community in a particular area, often more so than the host, and
studies to answer these questions are likely to be valuable.

7.

Infection and colonization

In the past, the general dogma was that infection by Botryosphaeriaceae occurred via wounds (von Arx & Müller 1954;
Smith et al. 1994). This is obvious from cankers that begin to
develop from wounds on leaves, branches or stems (see ‘Disease expression’ below). A number of studies have, however,
shown that they these fungi can infect directly through lenticels, stomata or other openings on healthy plants (Brown &
Hendrix 1981; Kim et al. 1999; Michailides 1991; Smith 2001)
(Figs 18, 19). This leads to endophytic infections, unless the
host is under stress (see ‘Disease expression’ below). Virtually
all plant parts, from the bark and xylem of stems, branches,
leaves, flowers, fruit, seed capsules and cones and seeds,
have been reported as host to latent Botryosphaeriaceae
(Cilliers et al. 1995; Johnson et al. 1992; Kim et al. 2001, 2004;
Lupo et al. 2001; Smith et al. 1996a,b).
Botryosphaeriaceae have been characterized as seed-borne
or infecting seed. There is, however, little evidence that these
infections of seeds result in systemic infections in the plants
as they develop. Seeds of Pinus have been shown to have latent
infections of L. theobromae and D. pinea (Cilliers et al. 1994, 1995;
Smith et al. 1996a). These internal seed infections have been
implicated in the movement of these pathogens around the
world (Burgess et al. 2001a, 2004b; Smith et al. 2000). A recent
study of healthy seeds of native Prunus and Podocarpus trees
in Ethiopia, revealed four species belonging to three genera
of the Botryosphaeriaceae, of which three species were undescribed (Gure et al. 2005). This aspect of the biology of

Figs. 18–19 – Scanning electron micrograph of germinating
conidia of a Neofusicoccum sp. entering stomata of
a Eucalyptus leave. Localized endophytic infections in
discolored leave tissue of a Eucalyptus leave after infection
by a Neofusicoccum sp. (Reproduced from Smith 2001).

Botryosphaeriaceae deserves more intensive study in the future, especially to determine how seed-borne infections might
infect growing plants. Knowledge of this stage of the endophytic life cycle is critical in order to understand the influence
of seed movement on spread of the Botryosphaeriaceae, as
well as their ecological role as endophytes.
Endophytic infections of Botryosphaeriaceae of fruits are
common. These infections often lead to soft brown rot of fruit
shortly before or after harvest, resulting in extensive losses
(Johnson et al. 1992; Kim et al. 2001, 2004). Like other plant
parts, fruits are infected via natural openings, but appresoria
on the fruit surface have also been observed (Kim et al.
1999). Infection of the bud ends of fruit can also occur through
the pedicle (Johnson et al. 1992). Fruits can be infected early on
in their development, but disease symptoms typically appear
as sugar levels rise during ripening, or during storage (Johnson
et al. 1992; Parker & Sutton 1993).
A series of detailed studies on the infection of B. dothidea on
apple fruits (Kim et al. 1999, 2001, 2004) have described aspects
of the biochemistry of Botryosphaeriaceae infections that might
apply to systems beyond those of fruit infections. These studies
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showed that microbodies and lipid globules develop in B. dothidea hyphae during infection, which were functionally defined
as glyoxysomes. Their findings suggest that the glyoxysomes enable the fungus to endure the nutrient deficiency and host defense responses during latent periods and adverse conditions.
Luchi et al. (2005b) studied the response of P. nigra (native to
Europe) to infection by D. pinea (common and most likely native to Europe) and D. scrobiculata (common and most likely
native to some parts of North America). Traumatic resin ducts
(TRD) quickly (after 4 d) formed when inoculated with D. scrobiculata, and no tissue colonization followed. TRD formed
slower in control wounded trees (after 12 d). TRD’s did not
form in response to D. pinea infection, and extensive tissue
colonization followed. This suggests a specific host-fungal
recognition and following interaction. It also correlates with
the fact that D. scrobiculata has not been found commonly infect Pinus outside the USA, despite apparently having ample
opportunity to spread (Burgess et al. 2004a,b).
Endophytic Botryosphaeriaceae infections of woody hosts
are thought to predominantly occur through horizontal transmission, i.e. individual infections via spores. Smith (2001)
show that the individual infections in a leaf represent up to
14 different vegetative compatibility groups (clonal entities),
and clearly arose from multiple infections (Figs 19, 20). Nursery
plants typically have lower levels of Botryosphaeriaceae infection unless exposed to the proximity of mature trees which
provide a source of inoculum (Palmer et al. 1988; Stanosz
et al. 2005). This is the most common form of transmission
amongst other endophytes of woody plants, unlike grass endophytes, which are often vertically transmitted from mother
plants to offspring, via seed or vegetative propagules (Arnold &
Herre 2003; Carroll 1988; Clay & Schardl 2002; Saikkonen et al.
1998; Sieber 2007; Stone & Petrini 1997). This is an important
difference in understanding the interaction between the plant
and fungus (see Saikkonen et al. 1998; Saikkonen 2007). In mutualistic symbioses, more consistent interactions through vertical transmission, usually also enforce asexual reproduction
and a reduced diversity on the mutualistic partner, which is
thought to stabilize the interaction (Herre et al. 1999). In fact,
horizontal transmission and multiple symbiont genotypes
are thought to contribute to the unraveling of mutualisms. Following this argument, the interactions between woody plants
and Botryosphaeriaceae appear to be more casual, unlike obligate mutualists (Saikkonen et al. 1998; Saikkonen 2007; Sieber
2007). Carroll (1988) defined these types of interactions between plants and fungi as ‘inducible mutualists’.
Carroll (1988) noticed that many endophytes of woody
plants produce slimy spore masses that are associated with
rain dispersal. This is also true of the Botryosphaeriaceae
where both the teleomorphs and anamorphs generally produce a slimy mass of spores from a central ostiole in the pycnidium or perithecium (Figs 1, 3). While this is not an
adaptation specific to Botryosphaeriaceae or fungal endophytes of trees alone, it could have some advantages for these
fungi (Carroll 1988). It may help adhesion to host surfaces during wet periods and most likely more local dispersal onto
a specific host and its surrounding offspring onto plants which
is more likely to share genetic affinities.
Dispersal and endophytic infection by Botryosphaeriaceae
can occur via ascospores or conidia. Interestingly, population
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Fig. 20 – A redrawn selection of sectioned, surface disinfested Eucalyptus leave images, showing origin of isolates of
Neofusicoccum spp. Isolates were paired in all possible
combinations on artificial medium to determine vegetative
compatibility groups (VCGs) (identical genotypes). Up to 14
VCG’s were recovered per leave, clearly originating from
individual infections and showing little lateral colonization
of the leave after infection. Identical VCGs were always
opposite section cuts. (Redrawn from Smith 2001).

genetic studies have shown that D. pinea is probably obligately
asexual (Burgess et al. 2004b) and spore trapping has shown
that this fungus spread species exclusively via conidia (Swart
& Wingfield 1991). These observations correlate well with limited diversity observed in this species over large areas (Burgess
et al. 2004b). Some species in which a sexual state is known,
also display clonality or identical molecular genotypes over
large areas (e.g. N. parvum in Slippers (2003)); B. dothidea in
Michailides (1991) and Ma et al. (2004); and L. theobromae in Burgess et al. (2005). This indicates that either conidia or homothallic ascopores are an important, and often dominant,
form of dispersal and infection in these fungi. On the other
hand, populations of D. scrobiculata, for which no sexual stage
has been found, reveal signs of sexual recombination in multilocus DNA analyses (Burgess et al. 2004a). Similar analyses of
N. parvum populations from Eucalyptus confirmed this view
that, despite widespread asexual reproduction, sexual outcrossing does occur, albeit less frequently (Slippers 2003).
These observations correlate with observations that anamorph fruiting structures are much more common in nature,
and culture, than teleomorph structures for many Botryosphaeriaceae. The extent of outcrossing, and the way in which
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it influences population structure of endophytic Botryosphaeriaceae has not been considered for most other species,
but results of such studies are likely to positively influence
our understanding on endophytism in the Botryosphaeriaceae
(Saikkonen et al. 1998).

8.

Disease expression

Disease expression for species of Botryosphaeriaceae is almost
exclusively associated with some form of stress or non-optimal growth conditions of trees (Blodgett & Stanosz 1995; Ma
et al. 2001; Paoletti et al. 2001; Schoeneweiss 1981; Smith et al.
1994; Stanosz et al. 2001, an numerous others). Stress conditions that have been linked to the Botryosphaeriaceae in these
studies include drought stress (most commonly), extensive
physical damage (e.g. hail), biological stresses such as damage
by other pathogens or insects, frost or heavy snow, interplant
competition resulting from overstocking, or planting species
or varieties on unsuitable sites (elevation, soil type, temperature, etc.). Various diseases symptoms have been linked to
members of the Botryosphaeriaceae, including twig, branch
and main stem cankers; die-back of leaders, shoots or whole
branches; seed capsule abortion; collar rot, damping off or
blight of seedlings; root cankers; blue-stain; decline; and in severe cases death of whole trees (Ahumada 2003; Bega et al.
1978; Brown & Britton 1986; Gure et al. 2005; Johnson et al.
1992; Lupo et al. 2001; Michailides 1991; Sánchez et al. 2003;
Smith et al. 1994; Swart & Wingfield 1991) (Figs 21–33).
The impact of diseases caused by species of Botryosphaeriaceae, especially in forest situations, is difficult to judge. Nevertheless, where enumerations have been attempted, damage
have been significant. In South African pine plantations, the
damage due to D. pinea has been calculated to between 11 %
and 28 % volume loss, and up to 55 % potential loss of production after hail damage and die-back (Zwolinski et al. 1990). It is
also one of the main factors precluding planting of P. radiata,
desirable for its wood properties, in the majority of the pinegrowing area of South Africa (Swart & Wingfield 1991). Diplodia
pinea is currently considered the most economically important pathogen of pine forestry in South Africa, New Zealand
and other parts of the Southern Hemisphere (Reay et al.
2006; de Wet et al. 2000; Smith et al. 2001). In the USA it has
also caused large scale losses of seedlings and trees under
stress (Blodgett & Stanosz 1995; Stanosz et al. 2001), and in
Europe it is currently responsible for widespread die-back of
Pinus nigra (Luchi et al. 2005a,b; Maresi et al. 2002).
An intriguing observation regarding Botryosphaeriaceae as
pathogens is that the most damaging species are those that
have very wide host and/or geographic ranges, such as L. theobromae (vs. L. gonubiensis), N. parvum and N. australe (vs.
N. eucalyptorum and N. eucalypticola), D. pinea (vs. D. scrobiculata), B. dothidea, B. obtusa, and others. In artificial inoculations,
these wide host and geographic range species are frequently
the most pathogenic (Ahumada 2003; de Wet et al. 2000; Pavlic
et al. in press; van Niekerk et al. 2004; Slippers, unpublished
data (Neofusicoccum spp. on Eucalyptus)). They are also frequently the dominant fungi to emerge when isolations are
made from diseased tissue. Possible explanations might be
that the ability of species of Botryosphaeriaceae to infect
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a wider range of plants, frequently brings them into contact
with hosts that have not co-evolved resistance to them (Parker
& Gilbert 2004; Slippers et al. 2005b). Furthermore, species with
broader host ranges are likely to become established more
easily in new areas, as their establishment will not depend
on the presence of specific hosts.
Not all species with broad host ranges cause diseases on all
the hosts they infect, in all areas. For example, B. dothidea is
a very serious pathogen of fruit and nut trees in the USA,
but it seems to be absent or rare on these hosts in South Africa
and other regions (Michailides 1991; Pavlic et al. in press; Slippers et al. 2007). This is possibly an effect of local environmental pressure, or competition from native Botryosphaeriaceae
or other endophytes for the same niche, as discussed
elsewhere.

9.

Quarantine, spread and climate change

In general, quarantine systems are not well suited to consider
latent pathogens which live endophytically in healthy plant
material for an extended period of time. The Botryosphaeriaceae provide an excellent example of this fact. Large quantities of seed and especially plant material are likely to
contain asymptomatic infections of these fungi. As such,
and also because they are often not considered primary pathogens of quarantine concern, they would easily be overlooked.
Even where a pathogen such as B. dothidea appears on a quarantine list, it would be difficult to imagine that quarantine
procedures could be effectively applied against its endophytic
infections. Once some species in the Botryosphaeriaceae has
been introduced into a new environment, they would likely
have the capacity to jump to new hosts that might have no
co-evolved resistance mechanisms against it, potentially
causing serious damage (Parker & Gilbert 2004; Slippers et al.
2005b).
A number of closely studied examples are revealing the extent to which human mediated movement of the Botryosphaeriaceae has occurred around the world. Diplodia pinea,
a pine-specific species, provides and excellent example to illustrate this point. Pinus spp. are non-native in Australasia
and South Africa, but they have been established extensively
in plantations. Diplodia pinea, however, is a very common endophyte in tissues of these trees and it has clearly been introduced from the native ranges of Pinus (Burgess et al. 2001a;
Smith et al. 1996a, 2000). The genetic diversity of the fungus
in some countries, such as South Africa, is very high; higher
than some studied native populations (Burgess et al. 2001a,
2004b; Smith et al. 2000) (Fig 34). As D. pinea is an asexual
fungus (see discussion above), this diversity in introduced
environments is thought to be the result of multiple introductions from more than one area of the native range of D. pinea
(Burgess et al. 2001a, 2004b; Smith et al. 2000). Shared vegetative compatibility (VC) groups and multilocus genotypes between Australia, Tasmania and New Zealand, further reflect
the high level of anthropogenic movement of this fungus
(Burgess et al. 2001a, 2004b). Other examples include N. eucalyptorum and N. eucalypticola, endophytes that are seemingly
specific to Eucalyptus and native to eastern Australia, and
which have apparently been introduced with the host into
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South Africa and Chile (Ahumada 2003; Burgess et al. 2006;
Slippers et al. 2004c). There are many more examples of this
trend and these will continue to become more obvious as
DNA-based tools are applied to study them.
The lack of host specificity in some Botryosphaeriaceae
means that they can cross-infect native and introduced
hosts, moving in both directions causing endophytic infections and disease (Parker & Gilbert 2004; Slippers et al.
2005b). Slippers (2003) showed that N. parvum shares multilocus simple sequence repeat (SSR) genotypes between isolates from native and introduced hosts in Australia
(Eucalyptus and Tibouchina) and New Zealand (Araucaria, Populus and Tibouchina), and high similarity between genotypes
from these regions and from Eucalyptus in South Africa.
Mohali et al. (2005) used markers to show that there was
no barrier to gene flow between populations of L. theobromae occurring endophytically in introduced Pinus, Eucalyptus
and Acacia. Pavlic et al. (2007) found eight species of the
Botryosphaeriaceae infecting native Syzygium in eastern
areas of South Africa. One of the most common and most
pathogenic species, N. parvum, also commonly occurs on
Eucalyptus and Mangifera indica (Mango) in the same areas
(Jacobs 2002; Slippers et al. 2005a). Other Botryosphaeriaceae
from Syzygium are also known from different hosts, e.g.
N. mangifera (from mango in Australia), N. australe and
L. theobromae (both from various other hosts, including
Eucalyptus, in other regions of the world).
Botryosphaeriaceae are difficult to control once they have
been introduced into a new area (Swart & Wingfield 1991).
They are likely to infect all the plants of a given host lineage
(host range depending on the species). Chemical control of
these infections is extremely difficult on a large scale (forest
or plantation), if not impossible, and environmental hazards
would also not validate such treatment. Removal or treatment
of diseased parts of trees is possible in intensively managed
orchards (Brown-Rytlewski et al. 2000; Flowers et al. 2001).
This, together with sanitation to reduce spore loads, can
help to reduce disease (Brown-Rytlewski & McManus 2000;
Michailides 1991; Palmer et al. 1988; Stanosz et al. 2005). But
over time, new symptoms are likely to continue appearing
from other endophytic infections, so the control is not absolute either. In addition, susceptible species can be replaced
with resistant species (Swart & Wingfield 1991), but this might
not always fit market requirements. Breeding for resistance
might be possible, but resistance is likely to be easily overcome by high geneflow and sexual reproduction. The best approach to control is, therefore, prevention of entry of
pathogenic species and genotypes.
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Predictions from climate change models list consequences
that could have a full range, positive, neutral and negative, effects of host-pathogen/pest interaction (Coakley et al. 1999).
Very little research has been undertaken on this topic for endophytes and particularly the Botryosphaeriaceae. There are
at least two major, mostly negative, ways in which climate
change can affect endophyte (in particular Botryosphaeriaceae)-plant interactions:
 Climate change could add additional stress or pressure on
woody plants in forest and agricultural situations through
extreme weather conditions (e.g. either heat, cold, drought
or extreme wetness) or expansion of known pest and disease host ranges. Botryosphaeriaceae, like many other endophytes, cause diseases when their hosts are under
stress. Under ‘normal’ conditions this might favor the
host, as discussed later (‘Ecology and Evolution’). Yet,
when such stress is ubiquitous over a large area, and affecting much of a hosts distribution, the resulting diseases from
the otherwise mild diseases caused by endophytes, might be
severe (Desprez-Loustau et al. 2006).
 Changes in the environment might limit the ranges of certain endophytes, including certain Botryosphaeriaceae,
and thus change the endophyte community infecting a particular host in a specific area. If these endophytes played
a protective role (as postulated by Carroll (1988); Arnold
et al. (2003)), then these woody hosts would be left potentially vulnerable in their absence. This would be more severe
in cases where the host-endophyte interaction was specific,
compared to generalist species. A new suite of endophytes
is likely to infect these hosts, and Botryosphaeriaceae
seem particularly effective in this regard (see discussion under host association). Whether these ‘‘new’’ endophytes
would be as effective as potential mutualists, or become increasingly antagonistic, remains to be revealed.

10.

Ecology and evolution

It is clear that endophytes are ubiquitous in all woody plants,
and at least as diverse and abundant as ectomychorrhizae
(Arnold et al. 2000; Higgins et al. 2007; Sieber 2007). Given this
abundance, it is hard to believe that they do not have a major
effect on plant communities (Carroll 1988). Clay (2001) argues
that these microbial symbionts are important determinants of
plant community structure and likewise of the insect communities that live on these plants. In many grass communities,

Figs. 21–33 – Typical disease symptoms associated with Botryosphaeriaceae, showing they extent of damage they can
cause in different hosts. 21–24. Cankering, die-back and death of leaders and side branches of Eucalyptus, with bluish-black
discoloration of the pith material in a young stem, typical of Neofusicocum and Fusicoccum damage on Eucalyptus. 25–26.
Infected side branches or wounds can also affect the main stem, with callus over an old canker wound. 27–28. Lasiodiplodia
theobromae causes die-back and wood discoloration in various parts of the tropics, here on Acacia mangium in Indonesia.
29–33. Diplodia pinea causes severe damage to Pinus spp. around the world. Infection, cankering and die-back is often
associated with hail (29) or other wounds (30). Infections can also occur from endophytic infections in the cone, via the
connecting branchlet and into the main branch (31). Die-back from endophytic infections without apparent wounds, but
where plants are under stress (32). Pine species are not all equally susceptible, with Pinus patula (33 left) showing severe dieback after hail, while P. greggii (33 right) is unaffected.
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Fig. 34 – Vegetative compatibility group amongst Diplodia
pinea isolates from Pines in South Africa. Confluent isolates
indicate identical genotypes, while distinct genotypes are
delineated with a dark interaction zone. While a number of
isolates group into identical VCGs, there is also a significant
amount of genotypic diversity.

the mutualistic interaction between the plants and specific
endophytes has been clearly demonstrated (Clay & Schardl
2002). The role of endophytes of woody plants is, however,
much less clear. Opposing views have characterized them as
mutualistic (Carroll 1988; Schardl 1996; Arnold et al. 2003),
while others have viewed them as frequently neutral, or ranging from antagonistic to mutualistic (Ahlholm et al. 2002; Lehtonen et al. 2005; Faeth 2002; Faeth & Fagan 2002; Saikkonen
et al. 1998; Saikkonen 2007; Sieber 2007).
The specific ecological role of the Botryosphaeriaceae is not
clear for most of the species. Some Botryosphaeriaceae are
well known as pathogens. This could imply that they are
best viewed as pathogens with a latent phase. We would argue
to the contrary. Many species exhibit only low or insignificant
levels of pathogenicity when artificially inoculated (van Niekerk et al. 2004; Pavlic et al. 2007, personal observations).
Such species are often also generally rare and are not commonly associated with diseases. Some well known pathogens
on one host in a particular area might also not be very pathogenic to other hosts that they infect in other regions. For example, B. dothidea is one of the main pathogens of Pistachio
and fruit trees in the USA (Ma et al. 2001, 2004; Michailides
1991), but is uncommon and appears only mildly pathogenic
to healthy Vitis, Eucalyptus and Syzygium in South Africa (van
Niekerk et al. 2004; Pavlic et al. 2007; Slippers et al. 2007).
Here one must question what their ecological roles might be
in natural communities where many of these ‘non-pathogenic’ isolates live in significant diversity. While no specific
studies have been done on the potential beneficial or mutualistic interaction that Botryosphaeriaceae might have with
plants, it would be worth examining this potential ecological
role for the Botryosphaeriaceae based on studies of other
known symbiotic fungal endophytes.
Carroll (1988, 1990) and other authors (see Saikkonen 2007
and Sieber 2007 for reviews) since have placed emphasis on
the potential mutualistic protection of endophytes against
insect damage. This is a common phenomenon in some

B. Slippers, M. J. Wingfield

grass-endophyte interactions (Clay 2001). Many have, however, disputed the common occurrence of this phenomenon
in woody plants (Ahlholm et al. 2002; Faeth 2002; Saikkonen
et al. 1998; Saikkonen 2007). In the case of the Botryosphaeriaceae, there is no evidence for the production of secondary metabolites that might directly affect herbivory (no study has,
however, specifically searched for such compounds in these
fungi) as is the case in some other endophytes (Clay & Schardl
2002; Petrini et al. 1992). Their biomass inside the healthy material also appears to be inordinately small to have an effect
through such a direct mechanism (Smith 2001) (Figs 19, 20).
However, they are likely to quickly colonize plant parts that
have been damaged by insect herbivores. One consequence
could be the dying off of such plant parts due to Botryosphaeriaceae, similar to a hypersensitive response. A branch infested
by an insect, and dying off rapidly, could impair the completion of the life cycle of the insect by removing its food base,
by competition with the mutualists of the insect, or by direct
poisoning of the insects when they colonize the dying tissue.
As example, such interactions have been shown to occur between Phomopsis oblonga and the scolytine vectors of the Dutch
Elm Disease fungus, Ophiostoma ulmi (Webber 1981; Weber and
Gibbs 1984; cited and discussed in Carroll 1990).
Another potential role for Botryosphaeriaceae is by speeding up the loss of redundant plant parts, specifically by killing
or faster senescence of older or stressed leaves and branches,
which are no longer contributing to photosynthesis (see also
Carroll 1988 and Sieber 2007 regarding other fungi). This
would release resources more efficient for new growth and reproduction. Furthermore, Carroll (1988) speculates that this
process could lead to a build up of dry material that could
fuel fires. This could be to the advantage of fire adapted species such as (i.e. Eucalypts and Proteaceae, both of which
have common Botryosphaeriaceae endophytes which kill of
branches and leaves (Denman et al. 2003; Slippers et al.
2004c; Swart et al. 2000).
Arnold et al. (2003) have shown a protective role of endophytes of tropical trees against a pathogen (Phytophthora). Carroll (1988) also reviewed other examples. No such studies have
been conducted to determine potential antagonistic effects of
Botryosphaeriaceae against other pathogens. However, the
Botryosphaeriaceae in general compete very effectively on artificial medium for resources with most other fungi (personal
observations during numerous isolations). Furthermore,
when obligate parasites infect parts of the host, it is reasonable to speculate that Botryosphaeriaceae would rapidly colonize the stressed plant material, thereby potentially
restricting the development of the other pathogen. This would
correlate with the observation that Botryosphaeriaceae are often isolated from symptoms suspected to be caused by other
pathogens (personal observations).
A number of studies suggest that endophytes of woody
plants are rather loosely associated with their hosts, with
higher correlation between endophyte communities in a specific location, than with a specific host in different locations
(Arnold et al. 2003; Carroll & Carroll 1978; Fisher et al. 1993; Higgins et al. 2007; Saikkonen 2007). This is true also for the
Botryosphaeriaceae. In agricultural and forestry situations,
the introduced hosts frequently harbor Botryosphaeriaceae
endophytes that are more similar to those on other hosts in
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that area, than those from the native range of the host. For
example, Eucalyptus planted in different areas of the world
harbor distinct Botryosphaeriaceae, some of which appear to
be native to other plants and those areas rather than the native ranges of Eucalyptus (Burgess et al. 2005, 2006; Mohali
et al. 2007; Slippers et al. 2004c; see discussions above). Furthermore, apple trees are commonly infected by B. dothidea
in parts of the USA, but this fungal species is virtually absent
in South African apple orchards. This is despite the fact that
the fungus occurs in the area (Slippers et al. 2007). Pinus radiata
appears to be exclusively infected by D. scrobiculata in its native range (California) (Burgess et al. 2004a), but in exotic environments (Australasia, Africa and South America) it is absent
and the trees exclusively have endophytic infections of
D. pinea, at a high frequency (Burgess et al. 2001a). These examples are based on extensive sampling efforts and detailed
molecular studies (i.e not based on mistaken identities of the
fungi). The studies have also not been based on single host
species or cultivar in all locations, but many of the species
mentioned appear to be particularly host specific.
The Botryosphaeriaceae is already remarkably speciesrich, based on currently described species (see above ‘Diversity, taxonomy and identification of Botryosphaeriaceae’).
Recent studies in native ecosystems (ongoing projects where
the authors are involved) and unique environments are revealing many unknown species (Burgess et al. 2005; Denman
et al. 2003; Gure et al. 2005; Pavlic et al. 2004; Mohali et al.
2006), and it seems certain that such studies on a wider front
are likely to reveal significantly greater diversity in the group.
Furthermore, molecular tools are revealing previously overlooked cryptic diversity in established species (see above).
The factors driving speciation in this group, however, have
not been considered. Two main factors identified by Kohn
(2005) that affect speciation in fungi, and that are likely to
play a role for Botryosphaeriaceae as it relates their endophytic nature, are host range and dissemination. The Botryosphaeriaceae appear to have some level of host specificity,
influenced by the host itself, or the host in a specific environment (i.e. some species with broad host ranges do not infect
a known host in all locations where they co-occur; see discussion above). Furthermore, dissemination is likely to be restricted if the Botryosphaeriaceae is mostly rain-dispersed
fungi. This factor will contribute to geographic population
subdivision and ultimately allopatric speciation.

11.

Summary and future work

Many species of the Botryosphaeriaceae are latent pathogens,
especially in agricultural and forestry situations. However,
very little is known regarding the role that most of these fungi
play in native communities. Not even in intensively studied
hosts, do we understand what the different ecological roles
might be that the numerous species play when infecting the
same host. It is not unlikely that some species might be mutualistic, as number of studies have demonstrated or suggested
for other endophytes of woody hosts. Their common occurrence, potential threat as pathogens, ease of isolation, handling and sporulation in culture, their established taxonomic
framework and the increasingly robust tools to study them,
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makes the Botryosphaeriaceae a useful and important model
system to study a unique suite of endophytes. Such studies
should contribute significantly to our understanding of endophyte-woody plant interactions.
A key shortcoming to our understanding of the Botryosphaeriaceae endophyte communities is that studies currently
require isolation after surface sterilization. Thus, faster growing fungi, or fungi favored by artificial media will be over-represented. An obvious alternative is to apply modern detection
tools to identify infection patterns, quantify levels of infection
of different taxa, and thus to uncover hidden diversity. However, a key problem when using these tools is encountered
when distinguishing between endophytic and epiphytic fungi.
Studies are needed to develop tools that will allow the use of
these modern molecular tools, with higher confidence that it
will reflect the endophytic communities.
A platform for the taxonomy of the Botryosphaeriaceae has
been provided in recent years. Numerous tools, particularly
DNA-based molecular tools, have been developed to identify
and describe species in the group. These tools should be applied to describe the diversity of the Botryosphaeriaceae as endophytes, especially in native plant communities, which have
thus far been under sampled. An open question here is what
factors have driven the extensive diversification in the group,
a question to which the endophytic nature, ecological role,
host affinity and geographic distribution is likely to be important factors for the group (see Kohn 2005).
All available evidence suggests that Botryosphaeriaceae
are horizontally transmitted between individuals. However,
the fact that they are also fairly commonly associated with
seeds of some plants, raises the possibility of some level of
vertical transmission. Such vertical transmissions can occur
via systematic infection, or via asexual sporulation from
a seed infection, followed by infection of the growing plant.
Hand-in-hand with these studies will go a requirement to better understand the reproductive strategy, mode and distance
of spread, predominant forms of infection (asexual or sexual)
of the Botryosphaeriaceae (see Saikkonen et al. 1998). Answers
to these questions will provide an important level of understanding regarding the ecological and evolutionary determinants of Botryosphaeriaceae-plant interactions.
One aspect that sets Botryosphaeriaceae apart from many
other endophytes is the potential of some species to be aggressive pathogens when plants become stressed. They have also
been moved extensively around the world, presumably due to
their previously unknown endophytic nature. Indeed, they are
most likely to continue to be moved widely given the lack of
tools to detect them as latent infections, and the fact that
planting stock continues to be extensively moved around
the world. All evidence suggests that climate change will continue to increase stress on plant communities, and in this case
some Botryosphaeriaceae are amongst the most likely fungi to
cause wide scale damage. In the light of this threat, it is critical
that we characterize changing interaction with plant communities and Botryosphaeriaceae under conditions imposed by
climate change. Pathways by which they might spread need
to be characterized and it is necessary to identify those species posing the greatest risk to plant communities. Furthermore, there is an urgent need to develop tools to rapidly and
accurately detect these fungi in planta. Understanding the
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threat of especially ‘host neutral’ species, and the mechanisms that govern their infection, dispersal/spread and pathogenicity, will also be important for selecting, breeding or
genetically manipulating plants for resistance to these intriguing and relatively poorly understood fungi.

references

Ahlholm J, Helander M, Elamo P, 2002. Micro-fungi and invertebrate herbivores on birch trees: fungal mediated plantherbivore interactions or responses to host quality? Ecology
Letters 5: 648–655.
Ahumada R, 2003. Pathogens in commercial Eucalyptus plantations in Chile, with special reference to Mycosphaerella and
Botryosphaeria species. M.Sc. Thesis. University of Pretoria,
Pretoria, South Africa.
Alves A, Correia A, Luque J, Phillips AJL, 2004. Botryosphaeria
corticola sp. nov. on Quercus species, with notes and description of Botryosphaeria stevensii and its anamorph Diplodia
mutila. Mycologia 96: 598–613.
Alves A, Phillips AJL, Henriques I, Correia A, 2005. Evaluation of
amplified ribosomal DNA restriction analysis as a method for
the identification of Botryosphaeria species. FEMS Microbiology
Letters 245: 221–229.
Arnold AE, Herre EA, 2003. Canopy cover and leaf age affect colonization by tropical fungal endophytes: Ecological pattern
and process in Theobroma cacao (Malvaceae). Mycologia 95:
388–398.
Arnold AE, Mejia LC, Kyllo D, Rojas EI, Maynard Z, Robbins N,
Herre EA, 2003. Fungal endophytes limit pathogen damage in
a tropical tree. Proceedings of the National Academy of Sciences of
the United States of America 100: 15649–15654.
Arnold AE, Zuleyka M, Gilbert GS, Coley PD, Kursar TA, 2000. Are
tropical fungal endophytes hyperdiverse? Ecology Letters 3:
267–274.
Arnold AE, Zuleyka M, Gilbert GS, 2001. Fungal endophytes in
dicotyledonous neotropical trees: patterns of abundance and
diversity. Mycological Research 105: 1502–1507.
Barber PA, Burgess TI, Hardy GEStJ, Slippers B, Keane PJ,
Wingfield MJ, 2005. Botryosphaeria species from Eucalyptus in
Australia are pleoanamorphic, producing Dichomera synanamorphs in culture. Mycological Research 109: 1347–1363.
Bega RJ, Smith RS, Matinez AP, Davis CJ, 1978. Severe damage to
Pinus radiata and Pinus pinaster by Diplodia pinea and Lophodermium spp. on Molakai and Lunai in Hawaii. Plant Disease
Reporter 62: 329–331.
Blodgett JT, Stanosz GR, 1995. Sphaeropsis sapinea and host water
stress in a red pine plantation in central Wisconsin. Phytopathology 85: 1044.
Blodgett JT, Bonello P, Stanosz GR, 2003. An effective medium for
isolating Sphaeropsis sapinea from asymptomatic pines. Forest
Pathology 33: 395–404.
Brown EA, Hendrix FF, 1981. Pathogenicity and histopathology
of Botryosphaeria dothidea on apple stems. Phytopathology 71:
375–379.
Brown EA, Britton KO, 1986. Botryosphaeria diseases of apple and
peach in the Southeastern United States. Plant Disease 70: 480–484.
Brown-Rytlewski DE, McManus PS, 2000. Virulence of Botryosphaeria dothidea and Botryosphaeria obtusa on apple and management of stem cankers with fungicides. Plant Disease 84:
1031–1037.
Burgess TI, Barber PA, Hardy GEStJ, 2005. Botryosphaeria spp.
associated with eucalypts in Western Australia including
description of Fusicoccum macroclavatum sp. nov. Australasian
Plant Pathology 34: 557–567.

B. Slippers, M. J. Wingfield

Burgess TI, Gordon TR, Wingfield MJ, Wingfield BD, 2004a. Geographic isolation of Diplodia scrobiculata and its association
with native Pinus radiata. Mycological Research 108: 1399–1406.
Burgess TI, Wingfield MJ, Wingfield BD, 2004b. Global distribution
of Diplodia pinea genotypes revealed using simple sequence
repeat (SSR) markers. Australasian Plant Pathology 33: 513–519.
Burgess T, Wingfield BD, Wingfield MJ, 2001a. Comparison of
genotypic diversity in native and introduced populations of
Sphaeropsis sapinea isolated from Pinus radiata. Mycological
Research 105: 133–1339.
Burgess T, Wingfield MJ, Wingfield BD, 2001b. Simple sequence
repeat (SSR) markers distinguish between morphotypes of
Sphaeropsis sapinea. Applied and Environmental Microbiology 67:
354–362.
Burgess TI, Sakalidis M, Hardy GEStJ, 2006. Gene flow of the
canker pathogen Botryosphaeria australis between Eucalyptus
globulus plantations and native eucalypt forests in Western
Australia. Austral Ecology 31: 559–566.
Carroll G, 1988. Fungal endophytes in stems and leaves: From
latent pathogen to mutualistic symbiont. Ecology 69: 2–9.
Carroll G, 1990. Fungal endophytes in vascular plants: Mycological research opportunities in Japan. Transactions of the Mycological Society of Japan 31: 103–116.
Carroll G, Carroll FE, 1978. Studies on the incidence of coniferous
needle endophytes in the Pacific Northwest. Canadian Journal of
Botany 56: 3034–3043.
Cilliers AJ, Swart WJ, Wingfield MJ, 1994. Selective medium for
Lasiodiplodia theobromae. Plant Disease 78: 1052–1055.
Cilliers AJ, Swart WJ, Wingfield MJ, 1995. The occurrence of
Lasiodiplodia theobromae on Pinus elliotii seeds in South Africa.
Seed Science and Technology 23: 851–860.
Clay K, Schardl C, 2002. Evolutionary origins and ecological consequences of endophyte symbiosis with grasses. American
Naturalist 160: S99–S127.
Clay K, 2001. Symbiosis and the regulation of communities.
American Zoologist 41: 810–824.
Coakley SM, Scherm H, Chakraborty S, 1999. Climate change and
plant disease management. Annual Review of Phytopathology 37:
399–426.
Crous PW, Slippers B, Wingfield MJ, Rheeder J, Marasas WFO,
Philips AJL, Alves A, Burgess T, Barber P, Groenewald JZ, 2006.
Phylogenetic lineages in the Botryosphaeriaceae. Studies in
Mycology 55: 235–253.
de Wet J, Wingfield MJ, Coutinho TA, Wingfield BD, 2000. Characterization of Sphaeropsis sapinea isolates from South Africa,
Mexico and Indonesia. Plant Disease 84: 151–156.
de Wet J, Burguss T, Slippers B, Preisig O, Wingfield BD,
Wingfield MJ, 2003. Multiple gene genealogies and microsatellite markers reflect relationships between morphotypes of
Sphaeropsis sapinea and distinguish a new species of Diplodia.
Mycological Research 107: 557–566.
Denman S, Crous PW, Taylor JE, Kang JC, Pascoe I,
Wingfield MJ, 2000. An overview of the taxonomic history of
Botryosphaeria and a re-evaluation of its anamorphs based
on morphology and ITS rDNA phylogeny. Studies in Mycology
45: 129–140.
Denman S, Crous PW, Groenewald JZE, Slippers B, Wingfield BD,
Wingfield MJ, 2003. Circumscription of Botryosphaeria species
associated with Proteaceae based on morphology and DNA
sequence data. Mycologia 95: 294–307.
Desprez-Loustau ML, Marcais B, Nageleisen LM, Piou D,
Vannini A, 2006. Interactive effects of drought and pathogens
in forest trees. Annals of Forest Science 63: 597–612.
Faeth SH, 2002. Are endophytic fungi defensive plant mutualists?
Oikos 98: 25–36.
Faeth SH, Fagan WF, 2002. Fungal Endophytes: Common host
plant symbionts but uncommon mutualists. Integrative and
Computational Biology 42: 360–368.

Botryosphaeriaceae as endophytes and latent pathogens of woody plants

Fisher PJ, Petrini O, Sutton BC, 1993. A comparative study of
fungal endophytes in leaves, xylem and bark of Eucalyptus
nitens in Australia and England. Sydowia 45: 338–345.
Flowers J, Hartman J, Vaillancourt L, 2003. Detection of latent
Sphaeropsis sapinea infections in Austrian Pine using
Nested-Polymerase Chain Reaction. Phytopathology 93:
1471–1477.
Flowers J, Nuckles E, Hartman J, Vaillancourt L, 2001. Latent infection of Austrian and Scots pine tissues by Sphaeropsis sapinea. Plant Disease 85: 1107–1112.
Gure A, Slippers B, Stenlid J, 2005. Seed-borne Botryosphaeria spp.
from native Prunus and Podocarpus trees in Ethiopia, with
a description of the anamorph Diplodia rosulata sp. nov.
Mycological Research 109: 1005–1014.
Hausner GA, Hopkin A, Davis CN, Reid J, 1999. Variation in
culture and rDNA among isolates of Sphaeropsis sapinea from
Ontario and Manitoba. Canadian Journal of Plant Pathology 21:
256–264.
Herre EA, Knowlton N, Mueller UG, Rehner SA, 1999. The evolution of mutualisms: exploring the paths between conflict and
cooperation. Trends in Ecology & Evolution 14: 49–53.
Higgins KL, Arnold AE, Miadlikowska J, Sarvate SD, Lutzoni F,
2007. Phylogenetic relationships, host affinity, and geographical structure of boreal and arctic endophytes from three
major plant lineages. Molecular Phylogenetics and Evolution 42:
543–555.
Jacobs R. 2002. Characterization of Botryosphaeria species from
mango in South Africa. M.Sc. thesis. Pretoria, South Africa:
University of Pretoria. 162 p.
Johnson GI, Mead AJ, Cooke AW, Dean JR, 1992. Mango stem end
rot pathogens – Fruit infection by endophytic colonistion of
the inflorescence and pedicel. Annals of Applied Biology 120:
225–234.
Kim KW, Park EW, Ahn K-K, 1999. Pre-penetration behavior of
Botryosphaeria dothidea on apple fruits. Plant Pathology Journal
15: 223–227.
Kim KW, Park EW, Kim YH, Ahn K-K, Kim PG, Kim KS, 2001.
Latency- and defense-related ultrastructural characteristics of
apple fruit tissues infected with Botryosphaeria dothidea.
Phytopathology 91: 165–172.
Kim KW, Park EW, Kim KS, 2004. Glyoxysomal Nature of Microbodies Complexed with Lipid Globules in Botryosphaeria
dothidea. Phytopathology 94: 970–977.
Kohn LM, 2005. Mechanisms of fungal speciation. Annual Review of
Phytopathology 43: 279–308.
Lehtonen Pi, Helander M, Saikkonen K, 2005. Are endophytemediated effects on herbivores conditional on soil nutrients?
Oecologia 142: 38–45.
Luchi N, Capretti P, Surico G, Orlando C, Pazzagli M, Pinzani P,
2005a. A real-time quantitative PCR assay for the detection of
Sphaeropsis sapinea from inoculated Pinus nigra shoots. Journal
of Phytopathology 153: 37–42.
Luchi N, Ma R, Capretti P, Bonello P, 2005b. Systematic induction
of traumatic resin ducts and resin flow in Austrian pine by
wounding and inoculation with Sphaeropsis sapinea and Diplodia scrobiculata. Planta 221: 75–84.
Lupo S, Tiscornia S, Bettucci L, 2001. Endophytic fungi from
flowers, capsules and seeds of Eucalyptus globulus. Revista
Iberoamericana de Micologia 18: 38–41.
Ma Z, Lou Y, Michailides TJ, 2004. Spatiotemporal changes in the
population structure of Botryosphaeria dothidea from California
pistachio orchards. Phytopathology 94: 326–332.
Ma Z, Michailides TJ, 2002. Characterization of Botryosphaeria
dothidea isolates collected from Pistachio and other plant hosts
in California. Phytopathology 92: 519–526.
Ma Z, Morgan DP, Michailides TJ, 2001. Effects of water stress on
Botryosphaeria blight of pistachio caused by Botryosphaeria
dothidea. Plant Disease 85: 745–749.

105

Maresi G, Ambrosi P, Battisti A, Capretti P, Danti R, Feci E, Minerbi S,
Tegli S, 2002. Pine dieback by Sphaeropsis sapinea in Northern
and Central Italy. In: Shoot and foliage diseases. Proceedings
of the IUFRO Working Party 7.02.02. Finnish Forest Research
Institute, Research Papers 829. Hyytiala, Finland, pp 60–67.
Martin K, Rygiewicz P, 2005. Fungal-specific PCR primers developed for analysis of the ITS region of environmental DNA
extracts. BMC Microbiology 5: 28.
Michailides TJ, 1991. Pathogenicity, distribution, sources of inoculum, and infection courts of Botryosphaeria dothidea on pistachio. Phytopathology 81: 566–573.
Mohali S, Burgess TI, Wingfield MJ, 2005. Diversity and host association of the tropical tree endophyte Lasiodiplodia theobromae revealed using simple sequence repeat markers. Forest
Pathology 35: 385–396.
Mohali S, Slippers B, Wingfield MJ, 2006. Two new Fusicoccum spp.
from Eucalyptus and Acacia in Venezuala, based on morphology and DNA sequence data. Mycological Research 110: 405–413.
Mohali S, Slippers B, Wingfield MJ, 2007. Identification of Botryosphaeriaceae from Eucalyptus, Acacia and Pinus in Venezuela. Fungal Diversity 25: 143–165.
Moon CD, Tapper BA, Scott B, 1999. Identification of Epichloe
endophytes in planta by a microsatellite-based PCR fingerprinting assay with automated analysis. Applied and Environmental Microbiology 65: 1268–1279.
Palmer MA, Stewart EL, Wingfield MJ, 1987. Variation among
isolates of Sphaeropsis sapinea in the North Central United
States. Phytopathology 77: 944–948.
Palmer MA, McRoberts RE, Nicholls TH, 1988. Sources of inoculum
of Sphaeropsis sapinea in forest tree nurseries. Phytopathology
78: 831–835.
Paoletti E, Danti R, Strati S, 2001. Pre- and post-inoculation water
stress affects Sphaeropsis sapinea canker length in Pinus
halepensis seedlings. Forest Pathology 31: 209–218.
Parker IM, Gilbert GS, 2004. The evolutionary ecology of novel
plant-pathogen interactions. Annual Review of Ecology, Evolution, and Systematics 35: 675–700.
Parker KC, Sutton TB, 1993. Susceptibility of apple fruit to Botryosphaeria dothidea and isolate variation. Plant Disease 77:
385–389.
Pavlic D, Slippers B, Coutinho TA, Gryzenhout M, Wingfield MJ,
2004. Lasiodiplodia gonubiensis sp. nov., a new Botryosphaeria
anamorph from native Syzygium cordatum in South Africa.
Studies in Mycology 50: 313–322.
Pavlic D, Slippers B, Coutinho TA, Wingfield MJ, 2007. The Botryosphaeriaceae occurring on Syzygium cordatum in South
Africa, and their potential threat to Eucalyptus. Plant Pathology
56: 624–636.
Pennycook SR, Samuels GJ, 1985. Botryosphaeria and Fusicoccum
species associated with ripe fruit rot of Actinidia deliciosa
(Kiwifruit) in New Zealand. Mycotaxon 24: 445–458.
Petrini O, Fisher PJ, 1988. A comparative study of fungal
endophytes in xylem and whole stem of Pinus sylvestris and
Fagus sylvatica. Transactions of the British Mycological Society 91:
233–238.
Petrini O, Sieber TN, Toti L, Viret O, 1992. Ecology, metabolite
production, and substrate utilization in endophytic fungi.
Natural Toxins 1: 185–196.
Phillips AJL, Alves A, Correia A, Luque J, 2005. Two new species of
Botryosphaeria with brown, 1-septate ascospores and Dothiorella
anamorphs. Mycologia 97: 513–529.
Reay S, Thwaites JM, Farrell RL, Glare TR, 2006. The lack of persistence of Ophiostomataceae fungi in Pinus radiate 3 years
after damage by the bark beetle Hylastes ater, and the subsequent colonization by Sphaeropsis sapinea. Forest Ecology and
Management 233: 149–152.
Saikkonen K, 2007. Forest structure and fungal endophytes.
Fungal Biology Reviews 21: 67–74

106

Saikkonen K, Faeth SH, Helander M, Sullivan TJ, 1998. Fungal
endophytes: A continuum of interactions with host plants.
Annual Review of Ecology and Systematics 29: 319–343.
Sánchez ME, Venegas J, Romero MA, Phillips AJL, Trapero A, 2003.
Botryosphaeria and related taxa causing oak canker in southwestern Spain. Plant Disease 87: 1515–1521.
Santamaria J, Bayman P, 2005. Fungal epiphytes and endophytes
of Coffee leaves (Coffea Arabica). Microbial Ecology 50: 1–8.
Schardl CL, 1996. Epichloae species: Fungal symbionts of grasses.
Annual Review of Phytopathology 34: 109–130.
Schoch C, Shoemaker RA, Seifert KA, Hambleton S, Spatafora JW,
Crous PW, 2006. A multigene phylogeny of the Dothideomycetes using four nuclear loci. Mycologia 98: 1041–1052.
Schoeneweiss DF, 1981. The role of environmental stress in diseases of woody plants. Plant Disease 65: 308–314.
Sieber TN, 2007. Endophytic fungi in forest trees: are they mutualists? Fungal Biology Reviews 21: 75–89.
Slippers B, 2003. The taxonomy, phylogeny and ecology of Botryosphaeriaceous fungi occurring on various woody hosts.
PhD thesis, University of Pretoria, Pretoria, South Africa.
Slippers B, Crous PW, Denman S, Coutinho TA, Wingfield BD,
Wingfield MJ, 2004a. Combined multiple gene genealogies and
phenotypic characters differentiate several species previously
identified as Botryosphaeria dothidea. Mycologia 96: 83–101.
Slippers B, Fourie G, Crous PW, Coutinho TA, Wingfield BD,
Wingfield MJ, 2004b. Multiple gene sequences delimit Botryosphaeria australis sp. nov. from B. lutea. Mycologia 96: 1030–1041.
Slippers B, Fourie G, Crous PW, Coutinho TA, Wingfield BD,
Carnegie A, Wingfield MJ, 2004c. Speciation and distribution of
Botryosphaeria spp. on native and introduced Eucalyptus trees
in Australia and South Africa. Studies in Mycology 50: 343–358.
Slippers B, Johnson GI, Crous PW, Coutinho TA, Wingfield BD,
Wingfield MJ, 2005a. Phylogenetic and morphological reevaluation of the Botryosphaeria species causing diseases of
Mangifera indica. Mycologia 97: 99–110.
Slippers B, Stenlid J, Wingfield MJ, 2005b. Emerging pathogens:
fungal host jumps following anthropogenic introduction.
Trends in Ecology and Evolution 20: 420–421.
Slippers B, Summerell BA, Crous PW, Countinho TA, Wingfield BD,
Wingfield MJ, 2005c. Preliminary studies on Botryosphaeria species from Southern Hemisphere conifers in Australasia and
South Africa. Australasian Plant Pathology 34: 213–220.
Slippers B, Smit WA, Crous PW, Countinho TA, Wingfield BD,
Wingfield MJ, 2007. Taxonomy, phylogeny and identification
of Botryosphaeriaceae associated with pome and stone fruit
trees in South Africa and other regions of the world. Plant Pathology 56: 128–139.
Smith DR, Stanosz GR, 1995. Confirmation of two distinct populations of Sphaeropsis sapinea in the north central United States
using RAPDs. Phytopathology 85: 699–704.
Smith DR, Stanosz GR, 2006. A species-specific PCR assay for detection of Diplodia pinea and D. scrobiculata in dead Red and
Jack Pines with collar rot symptoms. Plant Disease 90: 307–313.
Smith H, 2001. Biology of Botryosphaeria dothidea and Sphaeropsis
sapinea as endophytes of Eucalypts and Pines in South Africa.
PhD thesis. University of Pretoria.

B. Slippers, M. J. Wingfield

Smith H, Crous PW, Wingfield MJ, Coutinho TA, Wingfield BD,
2001. Botryosphaeria eucalyptorum sp. nov., a new species in the
B. dothidea-complex on Eucalyptus in South Africa. Mycologia
93: 277–284.
Smith H, Kemp GHJ, Wingfield MJ, 1994. Canker and die-back of
Eucalyptus in South Africa caused by Botryosphaeria dothidea.
Plant Pathology 43: 1031–1034.
Smith H, Wingield MJ, Crous PW, Coutinho TA, 1996a. Sphaeropsis
sapinea and Botryosphaeria dothidea endophytic in Pinus spp.
and Eucalyptus spp. in South Africa. South African Journal of
Botany 62: 86–88.
Smith H, Wingfield MJ, Petrini O, 1996b. Botryosphaeria dothidea
endophytic in Eucalyptus grandis and Eucalyptus nitens in South
Africa. Forest Ecology and Management 89: 189–195.
Smith H, Wingield MJ, de Wet J, Coutinho TA, 2000. Genotypic
diversity of Sphaeropsis sapinea from South Africa and Northern Sumatra. Plant Disease 84: 139–142.
Stanosz GR, Blodgett JT, Smith DR, Kruge EL, 2001. Water stress
and Sphaeropsis sapinea as a latent pathogen of red pine seedlings. New Phytologist 149: 531–538.
Stanosz GR, Smith DR, Albers AJ, 2005. Surveys for asymptomatic
persistence of Sphaeropsis sapinea on or in stems of red pine
seedlings from seven Great Lakes region nurseries. Forest
Pathology 35: 233–244.
Stone J, Petrini O, 1997. Endophytes of forest trees: a model for
fungus-plant interactions. In: Carroll G, Tudzynski (eds), The
Mycota V Part B, Plant Relationships. Springer-Verlag, Berlin, pp.
129–140.
Swart L, Crous PW, Petrini O, Taylor JE, 2000. Fungal endophytes
of proteaceae, with particular emphasis on Botryosphaeria
proteae. Mycoscience 41: 123–127.
Swart WJ, Wingfield MJ, Know-Davies PS, 1987. Conidial dispersal
of Sphaeropsis sapinea in three climatic regions of South Africa.
Plant Disease 71: 1038–1040.
Swart WJ, Wingfield MJ, 1991. Biology and control of Sphaeropsis
sapinea on Pinus species in South Africa. Plant Disease 75:
761–766.
Taylor JW, Jacobson DJ, Kroken S, Kasuga T, Geiser DM,
Hibbett DS, Fisher MC, 2000. Phylogenetic species recognition
and species concepts in fungi. Fungal Genetics and Biology 31:
21–32.
van Niekerk JM, Crous PW, Groenewald JZE, Fourie PH, Halleen F,
2004. DNA phylogeny, morphology and pathogenicity of Botryosphaeria species on grapevines. Mycologia 96: 781–798.
von Arx JA, Müller E, 1954. Die Gattungen der amerosporen
Pyrenomyceten. Beitraege zur Kryptogamenflora der Schweiz 11:
1–434.
von Arx JA, 1987. Plant pathogenic fungi. Beheifte zur Nova Hedwigia 87: 288.
Zhou S, Stanosz GR, 2001. Relationships among Botryosphaeria
species and associated anamorphic fungi inferred from the
analyses of ITS and 5.8S rDNA sequences. Mycologia 93:
516–527.
Zwolinski JB, Swart EJ, Wingfield MJ, 1990. Economic impact of
a post-hail outbreak of dieback induced by Sphaeropsis sapinea.
European Journal of Forest Pathology 20: 405–411.

